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Figure 1 6b. The RCS's from a PEC*- terminated waveguide 

(■ --experimental, theoretical, interior 
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(■ experimental, theoretical, interior 
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Figure 18b. The RCS's from a PEC- terminated waveguide 

(— — — experimental, .»*•*>• theoretioal, interior 
irradiation only; - ---theoretical, rim diffraotion 
inoluded) as a function of the incident angle 
(VV polarization, a • 3*137 cm, f ■ 15.20 GHz, a/A • 1.589, 
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included) as a function of the incident angle 
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(«—— experimental ,*• » • • theoretioal, interior 
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length - 21.59 cm). 
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The geometries of the waveguides for the proposed 
experimentsi a) empty guide, b) ooated guide with a 
tapering distanoe of a, and o) ooated guide with a tapering 
distanoe of 2a. 

The RCS's as a function of the inoident angle from a 
PEC- terminated oiroular waveguide ooated with a lossy 
material (Crowloy BX113, • 12-JO. 144, u • 1.74-J3.306) 
with a ooating thiokness of t • 0, 0.02b om (0.61 ooating) 
and 0.05 om (1.31 ooating) (a • 3*95 om, f • 9.2 GHz, 
a/1 • 1.2, length • 26. <16 om, VV polarization, 

— .interior irradiation only, - rim dlffraotlon 

included). 

The RCS's as a function of the inoident angle from a 
PEC-terminated oiroular waveguide ooated with a lossy 
material (Crowloy BX113, - 12-J0.144, u • 1. 74- J 3. 306) 

with a ooating thiokness of t ■ 0, 0.025 om (0.65 ooating) 
and 0.05 om (1.35 ooating) (a - 3*95 om, f » 9.2 GHz, 
a/1 » 1.2, length • 26.46 om, HH polarization, 

— — — —interior Irradiation only,*— —rim diffraction 
inoluded) . 

The RCS's as a function of the inoident angle from a 
PEC- tormina ted oiroular waveguide ooated with a lossy 
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(15 ooating) and 0.3 om (35 ooating) (a - 10 om, 

f - 10 GHz, a/1 ■ 3*33, length ■ 60 om, VV polarization, 
———interior irradiation only, rim diffraction 

inoluded). 

The RCS's as a function of the Inoident angle from a 
PEC- terminated oiroular waveguide ooated with a lossy 
material (poly-2, 5 F *diohlorostyrene, *7.3, 
u - 0.91 -JO. 32) with a ooating thiokness of t • 0, 0.1 cm 

(15 coating) and 0.3 om (35 ooating) (a • 10 om, 

f • 10 GHz, a/1 - 3*33, length ■ 60 om, HH polarization, 
--—interior Irradiation only,— —rim diffraction 
inoluded). 

The waveguide structure for the experiments on a CP antenna 
(not to scale). 


I. INTRODUCTION 


Th« researoh grant NAG 3*475 entitled "Numerical Methods for 
Analyzing Eleotromagnetio Scattering" was awarded to the University of 
Illinois by NASA-Lewis Researoh Center on September 28, 1983* 

Mr. Edward M. Rioe of NASA's Lewis Researoh Center is the Teohnioai 
Offioer, and Mr. Boyd M. Bane is the oontraoting offioer. The total 
amount of funds received by the University is 

$74,985 ♦ $80,009 - $154,994 

to cover the period from 

September 25, 1983 to November 25, 1985 (26 months). 

This report is the fourth semiannual report which covers the period 
March 25, 1985 to September 24, 1985. 


II. TECHNICAL PERSONNEL 

S. W. Lee Professor of Electrloal and Computer Engineering 

Y. T. Lo Professor of Electrloal and Computer Engineering 

S. L. Chuang Assistant Professor of Electrical and Computer 
Engineering 

C. S. Lee Researoh Assistant of the Department of Electrical 
and Computer Engineering 


XII. PRESENTATION AND PUBLICATIONS 


ii 


1. Professor S. W. Lee travel d to NASA Lewis on August 16, 1985 to 
prsssnt s talk antitlad "Leoture Notes on RCSt Volume X." 

Vlewgraphs of the praaantation ara attaohad hara as Appendix B. 

2. C. S. Laa, S. L. Chuang, and S. W. Laa, "A Simple Varaion of 
Corrugatad Wavaguldat Smooth-Ballad Ciroular Waveguide Coatad with 
Lossy Magnatio Material," AP-S International Symposium Digaat, 

Vol. 1, pp. 303*306, June 1 985 1 also praaantad at Savanth Annual 
Electromagn* .lea Propagation and Communioation Affillatas Workshop, 
Urbans, IL, April 1985. Viawgraphs of tha praaantation at tha 

AP maating in Vancouver, B.C., ara attaohad as Appandix C. 

3. C. S. Laa, S. W. Laa, and S. L. Chuang, "Normal Mciiea in an 
Ovarmodad Ciroular Wavagulda Coatad with Lossy Matarial," submitted 
for publication to IEEE Trans, Microwave Theory Taoh. (See Appandix A.) 

4. C. S. Laa, S. W. Laa, and S. L. Chuang, "Scattering from an 
Open-Ended Circular Guide Using tha Equivalent-Currant Method," in 
preparation, to be submitted for publication. 

5. C. S. Lae, "Scattering from a Circular Waveguide Coatad with Lossy 
Matarial," in preparation, for Ph.D. thesis. Department of 
Elaotricai and Computer Engineering, University of Illinois, 

Urbana, IL, January 1986. 
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IV. TECHNICAL PROGRESS 


Abatraot 

Major ltama accomplish ad in this raporting pariod arai 

1. Tha attanuation propartiaa of th<” lormal modaa in an ovarmodad 
wavaguida ooatad with a lossy matarial ara analyzad and submittad 
for publication. Tha praprint of tha pepar ia attaohad in 
Appandix A. It is found that tha low-order modaa (whioh oontributa 
tha moat to tha radar orosa aaotion (RCS) from a oiroular wavaguida 
tarminatad by a parfaot alaotrio conductor (PEC)) oan ba 
significantly attenuated even with a thin layer of ooating if the 
ooating matarial is not too lossy. A thinner layer of ooating ia 
required for large attanuation of tha low-order modes if the 
ooating matarial is magnetic rather than dieleotio. 

2. The RCS from an unooated oiroular guide terminated by a PEC has 
been oaloulatad and oompared with available experimental data. It 
is confirmed that the interior irradation contributes to the RCS 
muoh more than the rim diffraotion. Thus suppressing the interior 
irradiation by ooating the irterior waveguide wall or by other 
means will be very effective in reduo ing the RCS from the 
PEC-terminated guide, especially for a large value of a/A (>1) at a 
small incident angle. 

3. For the calculation of the contribution from the rim diffraction, 
we have chosen the equivalent-current method based on the 
geometrical theory of diffraction (GTD) , and the RCS's with the 
inclusion of the rim-diffraction contribution are compared with the 
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experimental data of the RCS from an unooated guide terminated by a 
PEC. The agreement improves aignifioantly with the inolueion of 
the rim-dlffraotion contribution. Especially, the term from the 
rim-diffi*aotlon contribution accounts well for the fine features of 
the RCS. 

•I. We are planning for experiments on the RCS reduotion from a ooated 
ciroular guide terminated by a PEC and the detailed sohemes for the 
experiments are Included In thle report. 

5. As shown in the previous report [1], the waveguide ooated with a 
lossy magnetic material has been suggested as a substitute fm the 

corrugated waveguide. The experiments to verify the theory are in 

% 

progress and the details of the experiment are inoluded. 

Details are explained below. 

(1 ) Normal modes in an overmoded olrcular waveguide ooated with lossy 
material 

The normal modes in an overmoded waveguide ooated with a lossy 
material are analyzed, particularly for their attenuation properties as 
a funotion of ooatlng material, layer thxokness, and frequency. When 
the coating material is not too lossy, the low-order modes are highly 
attenuated even with a thin layer of coating. This coated guide serves 
as a mode suppressor of the low-order nodes, which can be particularly 
useful for reducing the radar cross section (RCS) of a cavity structure 
such as a Jet engine inlet. When the coating material is very lossy, 
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low-order modes fall Into two distinct groups t highly and lowly 

attenuated modes. However, as a/X (a • radius of the oylinder; X - the 

free-spaoe wavelength) lnoreases, the separation between these two 

groups becomes loss distinctive. The attenuation constants of most of 

2 3 

the low-order modes become small, and deorease as a function of X /a . 
See Appendix A for details. 

(2) Scattering from an uncoated circular guide terminated by a PEC 

Previous investigation has shown that the Jet intake contributes 
significantly to th6 RCS from a modern military aircraft, and coating 
the interior wall of the Jet intake with a lossy material has been 
proposed to reduce the RCS [2]. The first step in this research is to 
investigate the RCS from an uncoated structure. For the theoretical 
model, the Jet intake is approximated by a circular waveguide terminated 
by a PEC as shown in Figure 1 . 

The RCS from the PEC-terminated guide comes mainly from the rim 
diffraction and interior Irradiation. The transmitted normal modes due 
to the outside illumination are responsible for the interior 
irradiaticn, which can be reduced by coating the Interior waveguide 
wall. On the other hand, the scattered wave from the edges and the 
evanescent mod<ss is not affected by the coating. 

The theoretical study at the Universly of Illnois has shown that 
when a/X is not too small, the contribution to the RCS from the interior 
irradiation is much larger than that from the rim diffraction [1], The 
purpose of this section is to illustrate this point with available 
experimental data and suggest that if the interior irradiation is 
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suppressed by coating the waveguide wall, the RCS from the 
PEC* terminated guide can be significantly rsduced. 

There are three steps in calculating the RCS from the waveguide: 
i) Find the excited normal modes at the waveguide opening due to the 
incident plane wave. 

ii) Find the phase shifts after the normal modes are reflected from 
the PEC termination and calculate the field distribution at the 
waveguide opening. 

ill) Evaluate the radiated energy in the direction of the incident 

plane wave from the field distribution at the waveguide opening in 
step (il) above. 

In step (1), the tangential field at the waveguide opening is 
expanded as a sum of the tangential fields of the normal modes. The 
unknown field at the opening is assumed to be that of the Incident 
field. In this approximation, the choice between the matchings of the 
tangential electric field and magnetic field is arbitrary. The 
magnetic-f ield matching is used in this calculation [1], [j] . 

Since the evanescent modes can not be attenuated by the coating, 
only the transmitted modes are accounted for in order to illustrate the 
effectiveness of the coating in the RCS reduction. 

The transmitted normal modes interfere with one another within the 
waveguide because their propagation constants are different, and the 
radiation pattern is largely dependent on the waveguide length. The 
Stratton-Chu formula is used along with the Kirchhoff approximation to 
evaluate the radiation pattern. 


The RCS measurements from the PEC- terminated oiroular guide for 7 
different frequencies ranging from a/X ■ 0.636 to 1.882 were reported by 
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Brooks and Crispin, Jr. [4], Their report also oontains the RCS 
measurements from a oiroular guide when the PEC termination is removed 
and the guide is open-ended. These values would be approximately equal 
to those from the PEC- terminated guide if all the transmitted normal 
modes oould be eliminated before being reemitted to the outside. 

Those experimental values are compared with the theoretioal 
calculations for whioh the oontribution only from the interior 
irradiation is taken into account in order to emphasize the importance 
of the interior irradiation (Table 1 and Figures 2-8). We have made the 
following observations t 

1. As a/X beoomes larger, the RCS from the rim diffraction beoomes 
less significant, and the agreement between the experimental and 
theoretical values (from interior irradiation only) of RCS from the 
PEC- terminated circular guide becomes better. This observation 
confirms our previous olalm [1] that the interior irradiation from 
a PEC- terminated circular guide contributes to the RCS much more 
than the rim diffraction, especially at high frequency (more than 
10 dB for a/X > 1). These features are more clearly seen in 
Figure 9, where the RCS's at a normal incidence are plotted as a 
function of a/X. Note that the RCS from a PEC-terminated guide at 
a normal incidence is approximately equal to that from a circular 
plate, which is proportional to (a*/X)*[5]. On the other hand, the 
RCS in terms of the cross sectional area from the rim diffraction 
does not change much with a variation of a/X. Thus as a/X 
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Figure 3b. The RCS'a from a PEC-terminated waveguide 

(——experimental,---- -theoretical, Interior 
irradiation only) and from an open-ended waveguide 
(—experimental) as a function of the incident angle 
(VV polarization, a ■ 3.137 cm, f ■ 9.13 GHz, a/X • 0.95 
length • 21.59 cm) . 



Figure 4a. The RCS's from a PEC- terminated waveguide 

( » - experimental , —theoretical , interior 

irradiation only) and from an open-ended waveguide 
(■—experimental) as a function of the ncident angle 
(HH polarization, a - 3.137 cm, f - 10.63 GHz, a/X • 1.112, 
length ■ 21.59 cm). 
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Figure 4b. 


The RCS's from a PEC-terminated waveguide 
( experimental - — - theoretical , interior 


irradiation only) and from an open-ended waveguide 
(—•—experimental) as a function of the incident angle 
(VV polarization, a - 3.137 cm, f ■ 10.63 GHz, a/i - 1.112, 
length • 21.59 cm). 
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Figure 5a. The RCS's from a PEC- terminated waveguide 

(— — experimental ,- — - -theoretical , interior 

irradiation only) and from an open-ended waveguide 
(—•—experimental) aa a funotion of the incident angle 
(HH polarization, a - 3.137 cm, f • 12.17 GHz, a/1 • 1.237, 
length ■ 21.59 cm). 
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Figure 5b. The RCS’s from a PEC- terminated wavagulda 

( h i... i axpar Imantal -thaoret leal , Interior 
irradiation only) and from an open-ended wavagulda 
(— axparimantal) as a function of tha inoldant angla 
(VV polarization, a « 3.137 cm, f ■ 12.17 GHz, a/A ■ 1.2 
length - 21.59 on). 






HH 





Figure 6a. Tha RCS's from a PEC- terminated waveguide 

( — - experimental — -theoretical , interior 
irradiation only) and from an open-ended waveguide 

— experimental) as a funotion of the incident angle 
(HH polarization, a • 3.137 cm, f • 13.68 GHz, a/1 • 1.U30, 
length - 21.59 om). 
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Figure 6b. The RCS'e from a PEC-terminated waveguide 

( ... experimental theoretical , interior 
irradiation only) and from an open-ended waveguide 
(——•—experimental) as a function of the incident angle 
(VV polarization, a - 3*137 cm, f • 13.68 GHz, a/ A ■ 1.430, 
length - 21 .59 cm) . 
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Figure 7a. The RCS's from a PEC- terminated waveguide 

( ■ — experimental theoretical , interior 

irradiation only) and from an open-ended waveguide 
(——experimental) as a function of the incident angle 
(HH polarization, a - 3*137 cm. f - 15.20 GHz, a/ A ■ 1.5 
length • 21 .59 cm) . 
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Figure 7b. The RCS's from a PEC-terminated waveguide 

( - ■■ — ■— experimental,---- — theoretical, interior 
irradiation only) and from an open-ended waveguide 
(——experimental) as a function of the incident angle 
(VV polarization, a - 3.137 cm, f - 15.20 GHz, a/X - 1.5 
length - 21.59 cm). 
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The RCS’e from a PEC-terminated waveguide 
( experimental,--- — theoretical, interior 
irradiation only) and from an open-ended waveguide 
(——experimental) as a function of the incident angle 
(HH polarization, a - 3.137 cm, f - 18.0 GHz, a/X - 1.88 
length - 21.59 cm). 
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Figure 8b. The RCS's from a PEC-terminated waveguide 

( — - ■ experimental , -----theoretical , interior 
irradiation only)' and from an open-ended waveguide 
(---—experimental) as a function of the incident angle 
(VV polarization, a - 3.137 cm, f - 18.0 GHz, a/A • 1.88 
length - 21 .59 cm) . 
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Figure 9. The RCS's from circular guides ( 0 A PEC-terminated, 

g Q open-ended) at a normal Incidence as a function of 
a/\. (----- approximate RCS from a circular plate [5].) 
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increases, the difference between the RCS's from the interior 
irradiation and the rim diffraotion becomes large. 

2. At a large inoident angle, the rim diffraction contributes 
significantly to the total RCS, and the ooating may not be as 
effective as in the case at a small Inoident angle, especially for 
a small value of a/1. 

Prom above results, we conclude that suppressing the interior 
irradiation by coating the interior waveguide wall or by other means 

I 

will be very effective in reducing the RCS from the PEC* terminated 
guide, especially for the oase with a large value of a/1 (>1) at a small 
inoident angle. 

(3) Thf RCS from an uncoated guide terminated by a PEC Including the 
effeot of the rim diffraction 

Scattering from the rim of an open-ended waveguide has been studied 
by many authors [63. The simplest method would be the standard 
geometrical theory of diffraction (GTD). However, the theory fails near 
the caustic and the shadow boundary C73. More extensive calculations 
using the Wiener-Hopf technique [6] provide a better solution, but this 
method can be applied only to a limited number of geometrical cases. To 
improve the solution of the GTO near the caustic and the shadow 
boundary, the equivalent-current (EC) method based on the GTO was 
suggested [8-93. It has been reported that the EC method is valid only 
near the caustic [10-113 or near the normal incidence to the edge [123. 

The purpose of this section is to illustrate that the EC method is 
valid not only near the caustic but also over a wide range of the 
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inoident angle, using a simple example of the scattering from an 
open-ended clrou.lar guide. One noticeable advantage of this method is 
that this technique oan be extended to problems of arbitrary shape with 
relatively simple mathematical manipulations. 

First, we evaluated the RCS from an open-ended circular guide using 
the EC method, and oompared the results with available experimental data 
and another known method (Wiener-Hopf) [ 13 ] (Figures 10 and 11). The 
agreement is good except for the cases of HH polarization at a large 
inoident angle. We speculate that the discrepancy in this case is due 
to the second-order diffraction. This possibility is now under 
investigation. In fact the EC solution is almost identical to the 
simple version of the Wiener-Hopf solution [14], whloh also shows suoh a 
disorepancy. 

Fortunately, in our problem the contribution to the RCS from the 
rear edge of the oyllnder beoomes large and the error due to the 
second-order term from the front edge would not be too oritloal for the 
oase of HH-poiarlzation at a large inoident angle (Figure 12a). On the 
other hand, the contribution from the back edge is much smaller than 
that from the front edge for VV polarization (Figure 12b). 

Using the first-order EC method [8], we have added the contribution 
from the rim diffraction to the RCS from the Interior Irradiation 
(Section (2)). The agreement of the theory with the experimental data 
is improved significantly. Especially, the fine wiggling features of 
the RCS can be mostly accounted for (Figures 13-19). 

As demonstrated in Section (2), the rim diffraction does not 
contribute much to the total RCS compared to the interior irradiation. 
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Figure 10a. The RCS's from an open-ended semi- infinite circular 
waveguide using the equivalent-current (EC) 
method (-----) in comparison with the results using the 
Wiener-Hopf technique (— - - ■■ ) and the experimental 

data ( ) [ 13 ] (W polarization, a ■ 7.56 cm, 

f ■ 9.1 GHz, a/A • 2.29). 
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Figure 10b. The RCS's from an open-ended aemi-lnf inite oiroular 
waveguide using the equivalent-ourrent (EC) 
method in comparison with the results using the 

Wiener-Hopf technique (-———) and the experimental 
data (•••••••) [13] (HH polarization, a - 7.56 cm, 

f - 9.1 GHz, a/X - 2.29). 
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Figure 11*. The RCS's from an open-ended semi-infinite circular 
waveguide using the equivalent-current (EC) 
method (-----) in comparison with the results using the 

Wiener-Hopf technique ( ) and the experimental 

data (»••••••) C 1 33 (VV polarization, a ■ 3.31 cm, 

f - 9.1 GHz, a/x - 1.16). 
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Figure 11b. The RCS'a from an open-ended semi-infinite circular 
waveguide using the equivalent-current (EC) 
method (-----) in comparison with the results using the 
Wiener-Hopf technique (■ — — ) and the experimental 

data (•••••*.) [13] (HH polarization, a - 3.81 cm, 
f - 9.1 GHz, a/1 - 1.16). 
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Figure 12b. The RCS from th® rim diffraction of a PEC-terminatec, 

olrcular waveguide assuming the interior irradiation is 

completely suppressed ( total, from front edge 

only,— from back edge only, VV polarization, 
a • 3.81 cm, f • 9.1 GHz, a/A • 1 ,16 
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Figure 13a. The RCS's from a PEO-terminated waveguide 

(——experimental; theoretical, interior 

irradiation only;--- - theoretical, rim diffraction 
included) as a function of the incident angle 
(HH polarization, a » 3.137 cm, f ■ 6.08 GHz, a/X - 
• length - 21.59 cm). 
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Figure 13b. T he RCS ’s from a PEC-terminated waveguide 
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Figure 14a. The RCS’s from a PEC- 
( - — — experimental , 
irradiation only;-- 
ineluded) as a funct. 
(HH polarization, a • 
length - 21.59 cm). 
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Figure 14b. The RCS's from a PEC-termin 

( ■ experimental, 

irradiation only;— - — -the 
included) as a function of 
(VV polarization, a » 3. 1 37 


length - 21.59 cm). 
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Figure 15a. The RCS's from a PEC- terminated waveguide 

(——experimental, theoretical, interior 

irradiation only; — — — - theoretical, rim diffraction 
included) as a function of the incident angle 
(HH polarization, a • 3*137 cm, f - 10.63 GHz, a/i - 
length • 21.59 cm) . 
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Figure 15b, The RCS f s from a PEC- terminated waveguide 

; " experimental, • • * • ♦ * theoretical, interior 

!n«? d i a 5t° n ° nl * ; theoretical, rim diffraction 

included) as a function of the incident angle 
VV polarization, a - 3.137 cm, f - 10.63 GHz, a/ A - 
length - 21.59 cm). * 



Figure 16a. The RCS's from a PEC-termii 

( — i experimental , 

irradiation only?- — — -th 
included) as a function of 
(HH polarization, a - 3.13' 


length - 21 .59 cm) . 





Figure 16b. The RCS's from a PEC-terminated waveguide 

( — experimental, theoretJual, interior 

irradiation only-, — theoretical, rim diffraction 

included) as a function of the incident angle 

(VV polarization, a - 3.137 cm, f - 12.17 GHz, a/l • 1.237, 
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Figure 17a. The RCS'a from a PEC-terminated waveguide 

(——experimental theoretical, Interior 

irradiation only; — - — -theoretical, rim diffraction 
included) as a function of the incident angle 
(HH polarization, a - 3*137 cm, f ■ 13.68 GHz, a/ A • 
length ■ 21.59 cm). 
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Figure 17b. The RCS's from a PEC-terminated waveguide 

• (— — experimental theoretical, interior 

irradiation only;- — - -theoretical, rim diffraction 
included) as a function of the incident angle 
(VV polarization, a - 3.137 cm, f - 13.68 GHz, a/X ■ 
length ■ 21.59 cm). 
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Figure 18a. TheRCS's from a PEC- terminated waveguide 

irr. a Hi«rS! riM ? nfcai theoretical, Interior 

}n^i!i}° ° nl V theoretical, rim diffraction 

included) as a function of the incident angle 
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Figure 18b. The RCS’s from a PEC-ter 
( experimental , • • •• 

irradiation only; - - -- 
included) as a function 
(VV polarization, a - 3. 
lenath • 21.59 cm). 







Figure 19a. The RCS's from a PEC-termii 

( experimental, 

irradiation only; - - - - ttv 
included) aa a funotion of 
(HH polarization, a - 3.13' 
length - 21.59 am). 
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Figure 19b. The RC 3 from a PEC- terminated waveguide 

( - experimental,* •* • •■'♦theoretical, interior 

irradiation onlyj — - — —theoretical, rim diffraotion 
inoluded) as a function of the incident angle 
(VV polarization, a • 3*137 om, f - 18.0 GHz, a/X • 1.88, 
length » 21.59 cm). 


However, if the transmitted modes due to the outside illumination can be 
attenuated by the coating, we expect the contributions from other than 
the interior irradiation, e.g., the rim diffraction, will be significant 
enough to affect the overall RCS. Thus, we have to include the effect 
of the •’’im diffraction in our calculation when comparing our analysis 
with future experimental data of the RCS from a coated guide. Further 
details are given in Section (4) below. 

(4) The outlines of the proposed experiments for the RCS reduction from 
a circular waveguide coated with lossy material 

The RCS from the Jet intake is mainly due to the rim diffraction and 
interior irradiation. The main goal of our research is to reduce, as 
much as possible, the interior irradiation from the Jet intake. One way 
to achieve this goal is to coat the interior wall of the Jet intake with 
a lossy material. Once the wave is transmitted from the outside 
illumination, the wave will attenuate as it propagates through the 
Interior of the Jet intake before it scatters back to the outside. 

For our theoretical model, we approximate the Jet intake by a 
cylindrical waveguide terminated by a PEC. From the theoretical study 
at the University of Illinois, the following results are obtained: 

1 . The interior irradiation from a circular waveguide terminated by a 
PEC contributes to the RCS much more than the rim diffraction (more 
than 10 dB for a/ A >1). 

2. A very lossy magnetic material is suggested for coating at low 
frequency (a/A> 1). With a layer thickness less than \% of the 
radius, the RCS from a 7~radiuS'-long circular waveguide (a/A - 1.2) 


terminated by a PEC can be reduoed by more than 10 dB over a broad 
incident angle, using the best coating material reported in the 
literature. 

3. At high frequency (a/X > 3), the modal separation between the 
highly attenuated and the lowly attenuated modes oecurs if the 
coating material is too lossy. This is not desirable in the 
application of the RCS reduction because the unattenuated normal 
modes will cause a large RCS in a certain incident angle. With the 
modal separation, increasing the coating thickness would not help 
muoh to reduce the RCS beoause the attenuation constants of the 
normal modes do not ohange muoh with the coating thickness in this 
limit. Therefore, at the high frequency, the coating material must 
be less lossy than that at the low frequency. Using the less lossy 
material for the coaUng, some high-' order modes do not attenuate 
much and a muoh thicker layer is required for those modes to 
attenuate considerably. However, the RCS for a small incident 
angle is mainly due to the low-order modes. Since in most 
practical applications, the RCS reduction is required only for ?. 
small incident angle, the coating layer does not have to be thick 
to get a desired RCS reduction. 

The purpose of tne proposed experiment is to verify our theoretical 
predictions of the RCS reduction from a circular waveguide coated with a 
lossy material. Since the behavior of the normal modes in the lossy 
waveguide depends strongly on the value of a/X, the low«- and high- 
frequency cases should be treated separately. 
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Low-Frequency Case 

1 . The low-frequency oaae is defined when the field distributions of 
the normal modes do not ohange much due to the ooating Inside the 
waveguide. The suggested value of a/X is 1.2, e.g., a - 3*95 cm 
and f - 9.2 GHz. Any combinations of a and X will be acceptable as 
far as a/X is olose to 1.2. 

2. The ooating near the opening of the waveguide must be gradual to 
prevent any mode conversions from highly attenuated modes to lowly 
attenuated modes. The detailed geometries of the waveguides are 
shown in Figure 20. Two different coating thicknesses for each 
waveguide with a tapered coating are suggested. Thus we need five 
cylinders, one empty guide and four coated waveguides. The coating 
thickness t is approximately given by t/a ■ 1 “ 2 % depending on 
the available coating material. 

3. The coating material must be very lossy and magnetic, e.g., Crowloy 
BX113 (e T - 12-jO. 144, u r « 1.7U-J3.306) [15]. 

4. The scanning angle should be from 6 • 0* (normal incidence) up to 
d - 45* at least. 

5. The anticipated results of the RCS reduction from our theoretical 
calculation are shown in Figure 21 . Using the best material 
(Crowloy BX113) that we can find in the literature, more than 10 dB 
RCS reduction is achieved over a broad incident angle for both VV 
and HH polarizations with a coating thickness of -t/a - It. Note 
that as the interior irradiation is reduced by the coating, the rim 
diffraction becomes significant enough to affect the overall shape 


of the RCS. 
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Figure 20. The geometries of the waveguides for the proposed 
experiments: a) empty guide, b) coated guide with a 
tapering distance of a, and c) coated guide with a tapering 
distance of 2a. 
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Figure 21a. The RCS’s as a function of the incident angle from a 
PEC-terminated circular waveguide coated with a lossy 
material (Crowloy BX113. ■ 12-JO. 144, y • 1.74-J3.306) 
with a coating thickness of t • 0, 0.025 cm (0.6* coating) 
and 0.05 cm (1.3* coating) (a - 3*95 cm, f • 9.2 GHz, 
a/1 • 1.2, length • 26.46 cm, VV polarization, 

— ... interior Irradiation only, ' rim diffraction 

included) . 
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Figure 21b. The RCS’s as a function of the incident angle from a 
PEC-terminated circular waveguide coated with a lossy 
material (Crowloy BX113, - 12-JO. 144, u - 1.74-J3.306) 

, with a coating thickness of t » 0, 0.025 cm (0.6% coating) 
and 0.05 cm (1.3X coating) (a - 3.95 cm, f - 9.2 GHz, 
a/A ■ 1.2, length - 26.46 cm, HH polarization, 

— — — — interior irradiation only,— ——rim diffraction 
included) . 
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High»»Frequenoy Case 

1 . At this frequency, the change of the modal fields due to the 
coating Is significant. The suggested value of a/X Is 3.3, e.g., 
a - 10 cm and f - 10 GHz. Any combinations of a and X will be 
aooeptable as far as a/X Is close to 3.3. 

2. The geometries of the waveguides for the proposed experiment are 
the same as those of the low-frequency case as shown Figure 20. As 
in the low-frequency case, we need five cylinders, one empty guide 
and four coated guides, t/a - 1 - 3 f depending on the available 
ooating material. 

3. The coating material should be magnetic and less lossy than that of 
the low-frequency case, e.g., Poly-2, 5-diohlorostyrene (e r - 7.3, 
u r - 0. 91-JO. 32) [15]. 

4. The scanning angle is e ■ 0 * 45*. 

5. The anticipated results of the RCS reduction from our theoretical 
calculation are shown in Figure 22. The RCS for the small incident 
angle (< 10*) is reduced significantly even with a thin layer of 
coating. However, increasing the coating thickness does not help 
to reduce the RCS as much as in the low-frequency case. This 
indicates the sign of the mode separation between the lowly and 
highly attenuated modes. For the RCS reduction over a larger 
incident angle, a thick layer of coating with a less lossy coating 
material is suggested. Note that the rim diffraction does not 
affect the overall RCS as much as in the low-frequency case. This 
confirms our previous statement (Sections (2) and (3)) that the rim 
diffraction becomes less significant for a larger value of a/X. 
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Figure 22a. The RC£’s as a function of the incident angle from a 
PEC- terminated circular waveguide coated with a lossy 
material (poly-2, 5-dichlorostyrene, - 7.3, 
u - 0.91 -JO. 32) with a coating thickness of t - 0, 0.1 cm 
(IS coating) and 0.3 cm (3? coating) (a - 10 cm, 
f • 10 GHz, a/A • 3*33, length ■ 60 cm, VV polarization, 
————interior irradiation only,— —rim diffraction 
Included). 
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Figure 22b. The RCS's as a function of the incident angle from a 
PEC- terminated circular waveguide coated with a lossy 
material (poly'*2,5 f *dichlorostyrene, » 7.3. 
u - 0.91 -JO. 32) with a coating thickness of t - 0, 0.1 cm 
(1H coating) and 0.3 cm (3f coating) (a - 10 cm. 
f ■ 10 GHz, a/X - 3*33. length ■ 60 cm, HH polarization, 
---—Interior irradiation only,— ' rim diffraction 
included). 
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(5) Experiments on. a waveguide coated with vry lossy magnatio material 
as a substitute for a oorrugated waveguide 

To produo* circularly polar! z*d (CP) radiation, an cp*n-*nd«d 
corrugated wavaguid* is oommonly used. Sine* tha oorrugatad waveguide 
is expensive and heavy, it haa been suggested that the waveguide ooated 
with a lossy magnet io material be used as a substitute for the 
oorrugated waveguide (See Appendix C). In this reporting period, we 
have prooeeded to perform experiments to verify our theory. 

There are two requirements for a ooated guide to be a successful CP 
antenna: The ooating material must be magnetio and lossy, and a/l must 
be sufficiently large. 

The first step in these experiments is to produce a relatively pur* 
TE^ mode in an overmoded waveguide. Sinoe it is easy to generate a 
pure TEjj in a waveguide with a small radius, we made a waveguide as 
shown in Figure 23 » which has a smooth transition between the regions of 
small and large radii. The waveguide consists of a few pieces so that 
four different sets of waveguide can be assembled without repeating the 
difficulty in making the pieces at the transition region. 

We are in the prooesa of testing those sets of waveguide, and 
eventually we are going to measure the effect of the waveguide size on 
the radiation polarization. 

(6) Conclusions and future prospects 

In this reporting period, the previous theoretical results are 
refined and confirmed with available experimental data, and the 
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experiments to verify our theoretical predictions hav# boon proposed. 

Wo summarize our progroaa os follows i 

1 . The onolysis of tho normal modes in an overmoded waveguide is 
complete. These findings are very useful for the further researoh 
on the RCS reduotion from a waveguide with a large value of a/X. 

2. It has been oonflrmed with available experimental data that the 
interior irradiation con tributes to the total RCS muoh more than 
the rim diffraotlon, especially for the case at a small inoident 
angle with a large value of a/X. 

3. The theory for the rim diffraotion is formulated and the 
theoretical calculations with this theory are in good agreement 
with available experimental data. 

4. It has been theoretically predicted that the Interior irradiation 
oan be reduced si®iif ioantly by coating the waveguide with a lossy 
magnetlo material. The ooating material must be less lossy for a 
larger value of a/X. Experiments to verify these findings are 
proposed. 

5. A waveguide coated with a very lossy magnetic material has been 
suggested as a substitute for a corrugated waveguide. Experiments 
for this possibility are in progress. 

Our objective in this research is to aohieve a large RCS reduotion 
from a cavity structure with the following conditions: (1) The structure 
does not have to be long, and (2) the thin layer of coating is effective 
over a wide range of frequency. 

As Indicated in the previous report, the coating thickness must 
Increase gradually from the opening to the Inside of the waveguide to 
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prevent eny undesirable mode conversions from highly to lowly 
attenuating modes. The properties of the wave propagation at the 
transition region are to be investigated in the near future to make the 
transition length as short as possible. 

We have found that the coating with a single layer is effective for 
the RCS reduction over a certain range of frequency. Double layers of 
coating are suggested so that the thin coated layer is effeotive over a 
wide range of frequenoy. 

Eventually, we will expand our researoh to more realistic cases 
where the structure does not have to be a circular waveguide. 

The details of the further studies are in the proposal attached in 
Appendix D of this report. 


I 
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NORMAL MODES IN AN OVERMO.' r ; TRCULAR WAVEGUIDE 
COATED WITH LOSSY MATERIAL* 

C. S. Lac, Student Meaber IEEE, 8. W. Lae, Fellow IEEE, 
and S. L. Chuang, Member IEEE 

ABSTRACT 

The normal aodea in an overmoded waveguide coated -with _a lossy material are 
analyzed, particularly for their attenuation properties as a function of coating 
material, layer thickness, and frequency. When the coating material is not too 
lossy, the. low-order modes are highly attenuated even with a thin layer of 
coating. This coated guide serves as a mode suppreasor of the low-order modes, 
which can be particularly useful for reducing the radar croas section (RCS) of a 
cavity structure such as a jet engine inlet. When the coating material is very 
lossy, low-order modes fall into two distinct groups: highly and lowly atte- 

nuated modes. However, as a/X (a ■ radius of the cylinder; X ■ the free-space 
wavelength) increases, the separation between these two groups becomes less 
distinctive. The attenuation constants of most of the low-order modes become 
small, and decrease as a function of X /a . 


★This work was supported by NASA contract NAG3-475. 
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I. INTROHUCTION 

In many applications, it is dasirabla to lina tha wall of a conventional 
circular waveguide by a layer of dielectric or magnetic material. With proper 
design, the lining can significantly alter the modal fields in the waveguide, so 
as to achieve either less attenuation or more attenuation for certain modes. 

The past studies of this problem are mostly connected with microwave/ infrared 
transmission over a long distance [1] - [5]. Two assumptions are usually made: 

(1) The waveguide diameter is very large in terms of wavelength 
(overmoded waveguide); and 

(2) The coating material is either nearly lossless [2] - (4] or very 
lossy [5]. 

These assumption simplify the theoretical analysis and oftentimes bring out a 
clearer physical picture. Nevertheless, in many practical situations, these 
assumptions are too restrictive. A more general analysis of the coated circular 
waveguide is needed. 

It is the purpose of this paper to fill in this need. Instead of using the 
perturbation theory [2], [3], [5], transmission-line model [1] - [4] or asymp- 
totic theory [6], we solve the modal characteristic equation of a coated 
circular waveguide exactly by a numerical method. This is feasible because of 
today's fast computers and efficient subroutines for calculating Bessel func*' 
tions with a complex argument. 

The organization of the paper is as follows: First, an overview of the 

normal modes in a coated circular waveguide in comparison with those in an 
uncoated waveguide is presented. In Section III, the exact characteristic 
equation for the normal modes in a circular waveguide coated with a lossy 
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material ia given. Three types of normal modes, i.e., the inner mode, the sur- 
face mode and the interface mode, are discusaed, along with their approximate 
solutions. Numerical rnults and potential applicationa are diacuaaed in 
Section IV. 


II. OVERVIEW OF MODAL FIELDS IN A COATED CIRCULAR WAVEGUIDE 

Before presenting detailed numerical reaulta, it is beneficial to explain 
some unique features of the coated waveguide, which are absent in the conven- 
tional uncoated waveguide. Tigure 1 ahows a circular waveguide with a perfectly 
conducting wall, uniformly coatnd with a material of permittivity CjGq and per- 
meability MjWq* Both * nd **2 can *** complex, with their negative imaginary 
parts representing material losses for the present exp(jut) time convention. 

The medium in Region I is assumed to be air, i.e., permittivity £q and per- 
meability Uq. Our problem at hand is to study the normal modes in such a 
waveguide. 

A. Mode Classification 

In an uncoated waveguide, the normal modes are either TE or TM with respect 
to z. Here index m describes the azimuthal variation .he form of sin m$ or 
cos »♦, whereas index n descries the radial distribution in the form of 

I 

J (k p) or J (k p). In the ascending order of their cutoff frequencies, the 
m pn m pn 

dominant modes are 


TEu* TM q1 , TE 21 , TM n /TE 01 , ... 

When the waveguide is coated with a dielectric layer, there are no longer pure TE 

or TM modes. The modes are commonly classified into HE _ and EH _ modes in such 

' mn mn 

a way that, in the limiting case of a vanishingly thin coating [7], 


HE 


mn 


TE , 


and 


Eli 


mn 


TM. 


mn 
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There exist three speeiel ceees where HE (EH ) becomes identically or approxi- 

nin ton 

■ately TE^TM^), namely, 

(i) circularly symmetrical modes (m ■ 0) such as TEq r and TMq r , 

(ii) all modes at frequencies near their cutoff frequencies (8), [9], 
and 

(iii) the low-order modes in an overmoded waveguide coated with a lossless 
material, (in this limit HE Bn ♦ T»^ n , and EH Bf| ♦ TE Bn ). 

B. Cutoff Frequencies 

Near the cutoff frequency, the normal mode is either quasi TE or TM. In 
Figures 2 and 3, we plot the cutoff frequencies f c 's of the normal modes in a 
coated circular guide as a function of layer thickness T. f c is normalised with 
respect to f CQ , which is the cutoff frequency of the dominant TE^ mode in an 
empty guide of radius a, and is given by 

f . umi c 

co 2 we 

where c is the speed of light in free space. Figure 2 shows the modal inversion 
between the TMq^ and TEgj, which has been previously reported [8], [9]. 

However, the modal inversion between those two modes is not evident if the 
coating is of a magnetic material (y 2 * 1) instead of a dielectric material 
(Figure 3). Coating reduces the cutoff frequencies of the normal modes, espe- 
cially for the magnet ic-coated waveguide. This is due to the fact that, with 
coating, the modal field distribution tends to concentrate near the air-material 
interface. Note also that the degeneracy between the TM^ and TEq^ modes near 
their cutoff frequencies is not removed by the dielectric coating (see Appendix 
1), but the degeneracy can be removed by the magnetic coating. The near 
degeneracy of the TEqj mode with the TMjj mode in a dielectric-coated guide can 


CUTOFF FREQUENCY U\ 




CUTOFF FREQUENCY L/t, 
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u 
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Figure 3. The cutoff frequencies in a magnet ic-coated waveguide (M2 “ 10* 

C2 ■ 1) normalized to that of the TEn mode in an empty guide (f c0 ) 
as a function of coating thickness. 
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cause a carious problem for a long-distance communication utilising the lowly 
attenuating TEqj mode becauee there may be a large mode converaion due to a 
strong coupling between these two modes (2] - [4]. The magnetic coating can be 
very useful in thie application. 

C. Modal Pr opaeation Conatant and P ower Distribution 

When the coating thickness is small in terms of the free-space wavelength 
(t/X « 1), the modal field distribution in the air region and the propagation 
conatant are not much perturbed. As the coating thickness is increased in the 
manner 

t/X ♦ m , for a fixed value of a 

the low-order modes approach, one by one, their counterparts in the parallel- 
plate waveguide. More precisely, the HE on modes in a coated circular waveguide 
approach those modes in a parallel-plate waveguide formed by a perfect magnetic 
conductor (PMC) and perfect electric conductor (PEC) as sketched in Figure 4a. 
The CH mn nodes approach those modes in a parallel-plate waveguide formed by two 
PEC's as shown in Figure 4b. 

The propagation conatant k^ and modal power distribution of the dominant 
HEjj mode in a guide coated with a lossless dielectric material ( Cj ■ 10, 

\»2 “ 1) ere shown in Figures 5 and 6. When the coating thickness is small 
(t'/A ■ t/Aj < 0.05, where X 2 ■ X//eJw^ * wavelength in Region II), the trans- 
verse weve number k p j in Region I defined by 

“.I - M - 4 

is real, where k Q ■ 2«/A, and both propagation constant and its power-intensity 
distribution are very similar to those of an empty guide. When the coating 
thickness T is much larger than 0.05 X 2 , k pl is imaginary and its magnitude 
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Figure 4. Mode transition in a coated circular guide at the high-frequency 
li»it. The HE ron modes approach modes in a PMC-PEC guide, and the 
EHqh approach modes in PEC-PEC guide. 
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a) Normalized propagation constant and b) radial wave number (kpja) 
of the HEu mode in a dielectric-coated waveguide ( ■ 10, a 1) 
aa a f unctio n of the coating thicknase in "effective" wavelength 
(t'« t/cTUT/ *) • The power distributions for the four marked 
points are^shown in Figure 6. The approximate solution of the sur- 
face mode using the two-slab model is also shown (see Section III). 
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Normalised angle-averaged power distribution in watts/ X* as a func- 
tion of radial distance in a dielectric-coated waveguide (£2 ■ 10, 
1*2 • 1) with four different coating thicknesses. The corres£onding 
points for these diagrams are marked in Figure 5 ( t* • t/cTuT/X). 
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approach** - 1. Consequently, tha nodal power distribution is largely 

concentrated in eh* dielectric layer (Region II). In Figure 6, the toeal power 
carried by eh* HEjj node is noraalised to 1 watt. In caa* (4) of Figura 6, nor* 
than 99X of the power ia confined in the dielectric layer , deapite eh* fact that 
the dielectric layer (1.06 < p/a < 1) covera only 122 of the waveguide croaa 
aection. 

Figure* 7 and 8 are ainilar to Figure* S and 6 except that the coating 
naterial in magnetic (u 2 ■ 10 and e 2 ■ 1). It ia noat intereating to observe 
that the transition point where k bee on* a imaginary occur* at a nuch analler 
coating thickneaa (t ■ 0.05 X 2 * n Figure 5 and T ■ 0.005 -\ 2 in Figure 7). Thua, 
in application* where large field concentration in the naterial layer is 
desired, the magnetic coating is nor* effective (nor* discussion is given in 
Section IV). 

It is worthwhile to not* that the normal nod* at the transition point is 
not TEM aven though the radial wav* nunber vanishes (see Appendix 2). Thus, 
both the hybrid-mod* method and the techniques for TEH nodes fail to provide the 
nodal fields at the transition point. Only the direct method as discussed in 
Appendix 2 is applicable in this case. 

D. Transverse-field Distribution 

The transverse fields of the five lowest-order modes in an uncoated circular 
guide and in a coated (dielectric and magnetic) circular guide at the cutoff 
frequencies and the high-frequency limits are shown in Figure 9. The TE (TM) 
modes in a circular guide at the cutoff frequencies do not have transverse 
magnetic (electric) fields, which are not shown in the diagrams. We notice that 
the nonvanishing fields at the cutoff frequencies are similar to those in an 
uncoated guide. At high frequency, the fields are confined within the coated 
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face mode using the two-slab model is also shown (see Section III). 
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Figure 6. Normalized angle-averaged power distribution in watts/A^ as a func- 
tion of radial distance in a magnet ic-coated waveguide ( 112 " 10, 

€2 ■ 1) with four different coating thicknesses. The co rrespo nding 
points for these diagrams are marked in Figure 7 ( r' ■ t/eTl IT/ A). 
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region, at shown in the diagrams where the blank apace indicates that the fields 
are negligible. 


III. MODAL CHARACTERISTIC EQUATIONS, 7IELDS AND CLASSIFICATION 

The general problem is shown in Figure 1. Here both the permittivity 

®2 e o and permeability i^o °* the coating material are allowed to be complex. 

The characteristic equation for the propagation constant k of a normal mode is 

z 

well known [10], [11], and we list the final expression, which is solved numeri- 
cally using Muller's method (available in International Mathematical Statistical 
Libraries subroutines): 


2 r ' F«(a)F 2 (a) k , , Fj(a)F^(a) k . 

- H —fjh- - "2 --i v -TT- 41 


- tk z m/(k 0 a)] 2 Fj(a) [1 - (k pl /k p2 ) 2 ] 2 - 0 


2 2 2 
k pi ♦ k z - K 

k p2 + k z " e 2 M 2 k 0 


F l (p) " J o (k pl p) * F l (p) 


J m (k pl p) 


F 3 (p) " J m (k p2 p) N m (k p2 b) “ N m (k p2 p) J m (k p2 b) 

F 3 (p) " J m (k p2 p) «m (k p2 b) ’ N m (k p2 p) J m (k p2 b) 

F 4 (p) * V k p2 p) S m (k p2 b) ’ \ <k p2 p) J m (k p2 b) 

F 4 (p) * J i (k p2 p) N ! (k p2 b) - N i (k p2 p) J m (k p2 b> 


(la) 

(lb) 

(lc) 

• *■ 

(l d) 

(le) 

(l f) ‘‘ 

(lg) -1 ; 

dh) : 1 j 

* t i 

' * ■ 
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Htre k pJ and k p2 Ir * tha radial wave vactors of regions I and II, raspaccivaly; 

“ is tha angular fraquancy; k Q - 2w/X; and a and b ara eha radii of tha air 
ragion and eha conducting cylinder, raspaccivaly. J is eha Bassal function and 

IB 

N m is tha Neumann function of order ~ . Tha prime indicates differentiation with 


reopect to 

argument. Tha modal fields ara given by 


•i- 

-l(Ak z /k 0 ) Fj(p) ♦ (Bm/k pl p) Fj(p)] cos m+ 

(2a) 

*V- 

-[(Ck z /k 2 ) Fj(p) ♦ (Dm/k p 2P) F^(p)] cos mf 

(2b) 


[{Ak z m/(kQkpjP)} Fj(p) ♦ BFj(p)] sin md 

(2c) 


( {Ck^m/ ( kjkpj P) ) F^( p) ♦ DF^(p)] sin md 

(2d) 


-j(Ak p j/kQ> Fj(p) cos mt 

(2c) 

e " ■ 

-jtCkpj/^) Fj(p) cos md 

(2f) 

*1- 

-Y 0 ((Am/k pl p) Fj(p) + (Bk z /k 0 ) f|(p)] sin m* 

(2g) 

H 11 - 
P 

-Y 2 UCm/k p2 P) F 3 (p) ♦ (Dk z /k 2 ) F^( p) J sin m* 

(2h) 


-Y 0 If!(p) ♦ {Bk z m/(k 0 k pl p)> FjCp) ] cos m* 

(2i) 

«"■ 

-YjICFjip) ♦ {Dk z m/(k 2 k p2 p)} F 4 C p) 1 cos m* 

(2j) 

H 1 - 

z 

-jY 0 (Bk pl /k 0 ) Fj(p) sin md 

(2k) 

H 11 - 

z 

-jY 2 (Dk p2 /k 2 ) F^(p) sin m+ 

(21) 


The convention of exp[j(<dt - k z)] is understood and omitted; superscripts 

z 

I and II indicate Regions I and II v Figure 1), and subscripts p, $ and z indi- 
cate Che radial, angular and propagation-directional components of the fields, 
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respectively; k 2 » u 2 kp; end Yq is the frae-space admittance, i/cq/uq and 
*2 " '*0^*2^*2* ** ®* c <nd D * rt Che constants, which are determined by the 

boundary conditions and the normalisation requirement. Those constants are 
related by 


C * krt^y^ kpjFj(a)/tkp2Fj(a) ] 


D - Bli 2 k pl F 1 (a)/(k p 2 F 4 (a)] 

B kQk p ja[Fj(a)/Fj(a) - ^ 

* V 11 - 'i 7 ! 

( I*® | « 1 for "quaei" TM nodes) 


(m d 0) 


Equation (5) can also be written as 


(3) 

(4) 

(5) 


A _ k 0 k pl*t F i ( «>/ F l<-> * *2 k P ;*4 ( * )/{k p2 F 4 ( ‘>>> , ^ 

— ■ - " " ■ (m d 0) (6) 

k x m(i - (k pl /k p2 ) Z J 
(ill « 1 for "quasi" TE modes) 

and the elimination of A and B from Eqs. (5) and (6) gives the characteristic 
equation (Eq. (1)). There is no mode coupling between the TE and TM modes for 
m ■ 0. Thus, A ■ 0 and B ■ 1 for the TMq 0 modes, and A ■ 1 and B ■ 0 for the 
TE 0n modes. We note that there are two degenerate modes for each angular mode 
index m except m ■ 0. In the above expression of the fields, we have 
arbitrarily chosen one of those two modes. 

There are three types of normal modes in an overmoded waveguide coated with 
a lossy material. The properties of these modes are explained below along with 
the approximate propagation constants and field distributions. 


A, Inner Mode 


1 
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| 


When tha coating material it aufficiantly loaay and a/X it large, moat of 
Cha low-order modta become innar modaa. Tha fiald distributiona of thaaa modaa 
ara moatly confinad in tha air ragion. In the limit aa a/X becomea infinite, 
the charactariatic aquation ia aimplified to 


[F^aJ/FjCa)] 2 - (m/x) 2 - 0 

where 

x - k pl a 

The aolutiona of thia aquation arc 

J m-l <x 0 ) ’ 0 for 

J m-l <x 0 ) “ 0 for 



(7) 


( 8 ) 

(9) 


Superacript MS indicatea the notation by Marcatili and Schmeltzer. Thia 
suparacript ia uaed to diatinguiah thia notation from the conventional notation. 
In thia caae, the field diatributiona are alao aimplified. Equationa (6) (or 
equivalently Eq. (5)) in thia limit becomea 


A/B - +1 

for 

eh ms 

tnn 

(10) 

A/B - -1 

for 

eh" 8 

-mn 

(11) 

the modal 

fielda 

in the air region are given by 



E p “ * BJ m-l (k Jo p) C08 » H p " ‘ Y 0 E * 

E * “ BJ m-l (k tf p) >in *♦ • “ Y 0 E p 


(12b) 
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MS 

EH »n 


(12c) 


E p “ " BJ m-H (k pO p) co> * H p ' ‘ Y 0 E * 
E $ • “BJ^jOipQp) sin m+ , ■ Y Q E p 


E« " « t * 0 


for EH 


MS 

-tnn 


(13a) 


(13b) 


(13c) 


where 


, ♦ ♦ 
k p0 " V* • 


k p0 " V* 


Kara Xq and Xq ara givan in Eqs. (8) and (9), respectively, and B is a constant. 

The fields in the lossy region ara vanishingly small. The field diagrama of the 
MS MS 

EH and EH modes in the air region ara shown in Figure 2 in Reference (2). 
inn w 


When a/X is large but finite, the attenuation constants of the normal modes 
are small and the fields decay very rapidly from the interface to the lossy 
layer. In this case, the asymptotic forms of the Bessel functions can be used 
for the field functions in the lossy region. The characteristic functirn of 
Eq. (1) in this approximation is then simplified to 

(xFjUl/Fjia)] 2 + jx[xFj(a)/Fj(a)) (k p j/k p 2 )( k 2 + Bj) 

- m 2 - s%U 2 (k pl /k p2 ) 2 - 0 (14) 


where x ■ k p ^a 

Suppose x - x Q ♦ Ax where Xq i* the solution as a/X becomes infinite. 
Taking the first-order terms in k p i/hp 2 the above equation, the attenuation 
constant is given by 
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«»•> 

where 


r 



e 2^ /e 2 M 2 ’ 1 

for 

TMq r modes (s ■ 0) 

(15b) 

v • ( 
n 1 

M 2^ C 2 M 2 “ 1 

for 

TE 0n modes (m ■ 0) 

(15c) 


7 * C 2 * M 2^^" C 2 W 2 ‘ 1 

for 

_„MS MS . . A . 

EH^n end EH_ Bn (m * 0) 

(15d) 




Here % _ is the solution of 
on 


J o ( W ■ 

0 

for 

TMQ n and TEq r modes (m ■ 0) 

(15e) 


• 0 

for 

nodes (m * 0) 
on 

(15f) 


- 0 

for 

MS 

EH ~* modes (m * 0) 
"nn 

(15g) 

This is almost 

the 

same as 

the result of Marcatili and Schmeltzer except 

that 


the coating material is not restricted to a dielectric but can be magnetic as 
well . 

For the first-order approximation of the attenuation constant with m \ 0, 
we neglected the last term of Eq. (14). Even though this term is of the second 
order in the coefficient |x can be a large number for the higher- 

order modes. Thus we expect that the agreement between our exact solution and 
the first-order solution requi; . * larger value of a/X for a higher-order mode 
(more discussion is given in Section IV). 

B. Surface Mode 

When the coating material is not lossy enough, some of the normal modes 
become surface modes. The fields of those modes are confined within the thin 



layer of the coating and tha propagation conttanta ara nearly independent of the 
inner radius a. Whan a/A is sufficiently large* the characteristic equation is 
approximated to 


U * *2 cot(k p2 T)][l - u 2 ^ tan <k p2 v)] • 0 
where r is the layer thickness* b - a. Assuming |k p j | » k Q , we obtain 

0 1/2 

(«2 M 2 k 0 " K n *7^ W/T ^i for Kn 

. 1/2 


(16) 


l« 2 w 2 k 0 “ < n1f / T > Z ] 


for TE 


su 


(17) 


(18) 


where n ■ 1 , 2* 3, ... 

Superscript su indicates the surface mode. The fields in Region XI in this 


limit can be approximately shown to be 

E p ■ Cj cos k p2 (b - p) (19a) 

E a " *i c l (k p2 /k * ) ,in k p2 (b " p) (19b) 
H 6 " C l Y 2 (k 2 /k s ) C08 k p2 (b ' p) <19c) 
E 6 " H p " H z " 0 for ™£n (19d) 

E^ ■ Dj sin k p2 (b - p) (20a) 
H p " - D 1 Y 2 (k z /k 2 ) ,in \ (b - p) (20b) 
H 55 • -jD^ 2 <k p2 /k 2 ) co# k p2 (b “ p> <20C> 
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Where C j end Dj ere conetents. Thus the TE mn node een be approximated by e nor* 

mal mode between two PEC elebe end the TM*“ node by e normal mode between PMC 

end PEC eleba. The correspondence between the normel modea in a thinly coated 

wevefuide and the surface modea ia not unique but depends on the type of 

coating material. When the coating material ia lossless, the nodes 

become TM**j(TE*!?) (except m ■ 0) as the layer thickness increases. The normal 
on inn 

modes with m • 0 are pure TE or TM as indicated in Section II. 

C. Interface Mode 

There exists an "interface" mode, which is unique to the waveguide coated 
with e lossy material. The interface node has large fields near the interface 
between the air and lossy regions, end the fields decay exponentially to both 
sides of the interface. Since the fields are limited to the interface region, 
the attenuation constant is independent of the radiua of the waveguide. Aa a/X 
is sufficiently large and the coating material is sufficiently lossy, the char* 
acteristic equation for the interface mode is well*approximated to 


^ + e 2 k pl^ k p2^* + **2 k pl^ k p2^ " ® 


( 21 ) 


The propagation constants are then evaluated to be 


, 2 1/2 in 

k Q [(e 2 " e 2 M 2^ C 2 “ for 


k z 


kQ [ ( 1*2 " - 1)) 


1/2 


for TE 


in 


( 22 ) 


U2) 


The modal fields are given by 


eJ - C 2 expljk pl (a - p)J , E* 1 - (C 2 /e 2 ) expl-j* p2 (p - a)] 


(24a) 


P 

E J - -< V k «> e p 


II 

'z 


-<V k z> E " 


(24b) 
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»{ • < W k «’ E » 

. h”. 

(Y 2 k 2 /k 1 ) b“ 

(24c) 



for TM ln 


■ D, .xpljk pl <. - »)1 

• “l 1 ’ 

1>2 •*pl-jk p2 (P - «)J 

(25a) 

H p ■ -<Wo> '♦ 

H 11 - 
* H P 


'(25b) 

M l m ‘VW E J 

H 11 - 

* 

' <* 2 l‘„2 /k 2 )E " 

(25c) 


for TE ln 


where all ochar field component • vanish and C 2 and D 2 are conatante. Here 
superacrlpt In Indicates the Interface mode. From the above results, vc can see 
that the Interface mode Is well-approximated to the normal mode on the surface 
of a semi-infinite lossy material. 

There exist two interface modes at most. The fields of the interface mode 
decay rapidly to both sides of thj interface. The conditions for the interface 
mode to exist are easily recognized from Eqs. (24) and (2)) to be 

Im(k pl a) » 1 (26) 

and 

-Im(k p2 x) » 1 (27a) 





J 


I 

i 

i 


1 

J 


* 


Using the boundary conditions st the interface, Eq. (27a) can be rewritten 
equiv#!«ntly either 

-Im(k pl e 2 T) » 1 for TM in (27b) 

or 

-Im(k pl u 2 T) » 1 for TE in (27c) 


i 

i 
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Thua for dielectric coating, only TM**' of tho two modea can exiat, and only tha 
TE* n mode can ba axe l tad in a wavaguida coatad with a magnatic matarial. 


IV. NUMERICAL RE8ULT8 AMD DISCUSSION 


A. Loaalaaa Coating 

Whan tha coating aatarial ia loaalaaa, tha noraal aodaa in tha overmoded 
coatad wavaguida bacoma aurfaca wavaa aa tha layar thicknaaa incraaaaa, in tha 
ordar of HE^j , EH^| , HZ^ » , ... (a d 0) and EHq| , HEg | , EHq 2 , HEq 2 , ... 

(n ■ 0) (A]. Thaaa faaturaa of tha normal mod a a ara ahown in Figura 10 
(Figura 11) for a dialactric (magnatic) coating, whara tha radial wava numbara 
ara plottad aa a function of tho layar thicknaaa. Tha largo imaginary part of a 
compl ax radial numbar indicataa that tha modal fiald ahifta to tha wavaguida 
wall and tha moda bahavaa aa a aurfaca mode. Nota that tha HE^ in tha 
magne tic-coated guida bacomaa a aurfaca moda with a much thinnor coating layer 
than that in tho dielectric-coated guide. Otharwiaa, tha onaat of a new aurfaca 
moda occura around ovary quarter-wave length thicknaaa aa tha layar thicknaaa 
incraaaaa . 

B. Slightly Loaay Coating 

Figura 12 (Figura 13) ahowa tha radial wava numbara of tha normal modaa in 
a circular guide coatad with a alightly loaay dielectric (magnetic) matarial. 

Tha general trend of the normal moda with variation of tha layar thicknaaa 
remaina aimilar to that for tha wavaguida coatad with a loaalaaa matarial 
(Figuraa 0 and 11). Aa ahown in Figurea 14 and IS, tha moda with a large ima- 
ginary part of tha complex radial numbar of a aurfaca-wava type haa a large 
attenuation conatant. Thia ia due to the fact that the aurface mode haa a large 
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Pigur. 10. IJdUl wave nuabera of the normal mod*, in a waveguide coated with 
loealeaa dielectric material (e 2 ■ 10, Ui ■ 1, a/X ■ 3.33). 
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Figure 12. Radial wave numbers of the normal modes in a circular waveguide 
coated with a lossy dielectric material ( e 2 ■ exp(“jO» ♦e " ^ 
W 2 - 1. «/A • 3.33). 
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Figure 13. Radial wave numbers of the normal modes in a circular waveguide 
coated with a lossy magnetic material (jio * exp(-j$ ), i. * 5*, 
e 2 - 1, a/X - 3.33). m 
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Figure 14. Attenuation constants of the normal modes in a circular waveguide 
coated with a lossy dielectric material (62 “ exp(-j$ e >, “ 5 , 
l »2 • 1 , a/X * 3.33). 
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field concentration within the lossy region neer the weveguide well. It ie 
intereeting to note thet the HEjj in the magnetic-coated guide acquires e very 
lerge ettenuetion conetent with e much thinner coeting leyer then thet in the 
dielectric-coated guide. The higher-order mode* also become surface modes end 
acquire lerge ettenuetion constants only at a much thicker coating layer. 

C. Very Loaay Coating 

When the coating materiel becomes very lossy, those features of the normal 
modes in the waveguide coated with a lossless materiel disappear. In fact, the 
propagation constant of the normal mode is independent of the leyer thickness 
if the lossy layer is thicker than the akin depth of the normal mode (Figures 16 
end 17). There is a mode separation between highly attenuated end lowly atte- 
nuated low-order modes. The highly attenuated modes in e dielectric-coated 
guide are usually lowly attenuated uioder in magnet ic-coated guide and vice 
versa (Figures 18 and 19). In general, the mode separation is less distinctive 
for higher-order modes. 

When a/X is large end the coating material is lossy enough, most of the 
low-order erodes are inner modes which are mainly confined in the air region and 
the attenuation constants ere small. Marcatili and Schmeltser [5] evaluated the 
attenuation constants using the perturbation theory under the assumption that 
e/X is large and the fields within the lossy region are smell (see Section III). 
Figure 20 shows the comparison of the exact solutions with the approximate solu- 
tions by Marcatili and Schmeltser for the attenuation constants of the normal 
modes in a dielectric-coated guide. Here the coating thickness T is fixed while 
e/X is varied. We note that the exact and approximate solutions are in better 
agreement at a larger value of a/X. The high-order modes usually require a 
lerge value of a/X for good agreement between the exact and approximate solu- 
tions (see Section IIIA). This result indicates that the low-order modes become 
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Figure 16. Redial wave numbers of Che normal modes in a circular waveguide 
coaced with a lossy dielectric material (eo ■ exp(-j+ ), A. ■ 4 
U 2 - 1, a/X - 3.33). * * 
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Figure 17. Redial wave numbers of the normal modes in a circular waveguide 
coated with a lossy magnetic material (l*2 * * ** , 

2 - 1, a/X ■ 3.33). 
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Figure 18. Attenuation constants of the normal modes in a circular waveguide 
coated with a losjy dielf -trie material («2 ■ ♦« “ ^5* 

■ i « _ a in V ™ 
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Figure 19. 


Attenuation conetente of the normal modes 
coated with a lossy magnetic material (y 2 
c 2 - 1, «/X - 3.33). 


in a circular waveguide 
- e*p(-j9 B ), V “ 45# * 
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INNER RROIUS, 0/\ 


Figure 20. Attenuation constants of the normal modes as s functi on of th e inner 
radius, a, with a fixed layer thickness (t ■ 0.949 A/V’f *2**2 1 ^ * 

circular waveguide coated with a lossy dielectric material 
(C 2 “ sxp(-j9 ), 9 e ■ 45*, U 2 ■ 1> *qM ■ 3.33). The mode names in 
the parentheses correspond to those in Marcatili and Schmeltzcr's 
paper 15]. 
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excluded from tht lossy lsysr neer ths wall sc s smaller value of a/1 than do 
Cha high-order modes. 

Figure 21 shows Che comparison of the exact and various approximate solu- 
tions for ths attenuation constants of ths normal modes in a magnet ic-coatad 
circular guide. Most of the low-order modes become inner modes at a large 
value of a/1 as in ths case of the dielectric coating (Figure 20). However , 
certain modes are confined near the vail. Ths IHjj mods at a large a/1 becomes 
a surface mods (faction XIIB), whoso fields are mainly confined within the lossy 
region and have a largo attenuation constant. The exact solution of the atten- 
uation constant is wall-approximated by the solution for ths surface mode given 
in Eq. (17). The existence of the surface mods in a waveguide coated with a 
lossy material! depends on whether the characteristic aquation (Eq. (16)) has a 
solution close to the value for a surface mode (Eq. (17) or (18)). Also note 
that the HE^ mode becomes an interface mode (Section IIXC) whose fields are 
limited to the region near the interface between the air and lossy material. 

The attenuation constant of the interface mode is wall-approximated by that of 
the mode on the surface of a semi-infinite lossy material. Ths criteria for 
the existence of ths interface modes in a coated guide are given in Eqs. (26) 
and (27). Thus ths attenuation constant of the interface mods is not as large 
as that of the surface mode but much larger than that of the inner mode 
(Figure 21). 

In Figures 20 and 21, the mods names in the parentheses for the inner modes 
correspond to the mode names by Marcatili and Schmeltser [5], where the field 
diagrams of those modes are also shown. The surface mode does not exist whan 
the lossy layer becomes infinitely extended. However, the interface oxide should 
exist in a hollow lossy circular guide if the conditions in Eq. (26) and (27) 
are satisfied. 
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Exact 



Figure 21. Attenuation eonatants of the normal modea aa a functi on of th e inner 
radiua, a, with a fixed layer thickneaa (x ■ 0.949 X//p‘ 2 t* 2 |/ in a 
circular waveguide coated with a loaay magnetic material 
(y 2 * 9m ■ 45*. e 2 " 1, a_/ \ ■ 3.33). The mode name* in 

the parentheaea correspond to thoaa In Marcatili and Schmeltser'a 
papar [5]. 
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D. Mods Buppreaaoi 

80 far , we have aaan Chat Cha accanuation propartiaa of cha normal modaa in 
a coatad wavaguida dapand on Cha coating material, layar thicknaaa and fre- 
quancy. Whan tha coating material ia not vary loaay, tha attenuation conatanta 
of tha normal modaa atrongly vary with tha layar thicknaaa. Since each mode haa 
ita own region where tha mode a aignificantly attenuated, tha coated guide can 
be uaad aa a simple mode suppressor [12]. Tha device will be especially uaeful 
for eliminating low-order modes. Since low-order modaa are mainly responsible 
for tha radar croaa aection (RCS) at a small incident angle from a cavity-type 
structure, coating the cavity wall with a lossy material will be affective in 
reducing the RCS due to the undesirable interior irradiation from the normal 
modaa in a cavity [13], [14]. In a practical de ign, the tranaition region bet- 
ween the uncoated and coated sections of the waveguide must be long enough to 
prevent any mode converaion [15]. 

E. CP Antenna 

When the coating material is sufficiently locey and a/X ia large, most of 
the normal modes become inner modes if the coating layer is thick enough, i.e., 
thicker than the skin depths of the modal fields. Both the magnetic and 
electric fielda of the inner mode are small near the waveguide wall. The 
VIEjl mode in the waveguide coated with a lossy magnetic material becomes an 
inner mode at a much smaller value of a/X than that with a lossy dielectric 
materiel. The boundary conditions of the HEjj mode in this case are similar to 
those of a corrugated waveguide [16] - [19]; hence, this waveguide can be used 
as an alternate to the corrugated waveguide to produce circularly polarized 
radiation or reduce the side-lobe level. Even though the loss of the HE^ mode 
in the coated waveguide may be higher than that of a well-designed corrugated 
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waveguide, Che coated waveguide is cheaper to build and lighter in weight than 
tha corrugated waveguide, aa explained in (20]. 

V. CONCLUSION 

Tha normal mode* in a circular guide coated with a lossy material are 
classified and analysed, emphasising the attenuation properties of the normal 
modes. It is shown that the costing material should not be too loesy for the 
low-order modes to be significantly attenuated. A much thinner coating layer is 
required for the attenuation of the HEj j mode when the coating material is 
magnetic rather than dielectric. The coating technique is especially useful in 
reducing the radar cross section from a jet engine inlet:, a subject that will be 
reported by us in a future communication. 

When a/1 is large and the coating material is very lossy, most of the low- 
order modes become inner modes, which have small fields within the lossy region 
and small attenuation constants, ta interesting application of the HE^ mode in 
an open-ended waveguide coated with a very lossy magnetic material is that it 
can be used for circularly polarised radiation [20]. 
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APPENDIX 1. 


DEGENERACY BETWEEN THE CUTOFF FREQUENCIES OF THE TM^ AND TE 01 MODES IN A 

DIELECTRIC-COATED CIRCULAR WAVEGUIDE 


At the cutoff frequency (k_ ■ 0), the characteristic aquation in Eq. (1) 

Z 


becomes 


J l^ k <3i*^ J l^ k CM2*^ N l^ k CM2 b ^ ” N l^ k CM2*^ J l* k CM2 b ^ 

“ ^*2^*2 J l^ k CM*^ J l^ k CM2*^ N l* k CM2 b * ” N l^ k CM2*^ J l* k CM2 b ^ ° 0 


for TM 


11 


(Al.l) 


or 


J 0^ k CE*^ J 0* k CE2*^ *V k CE2 b * “ *V k CE2*^ J 0* k CE2 b ^ 


- J o* k CE*^ J 0^ k CE2*^ N 0^ k CE2 b * ” N 0^ k CE2*^ J 0* k CE2 b ^ 


for TE 


01 


(A1.2) 


k ■ f 
CM c" *CM • 

k ■ 2L f 
*CE c CE * 


k CM2 " k CM /e 2 M 2 
k CE2 " k CE /e 2 W 2 


where 
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H,r * f CM * nd f CE * r * th * Cutoff frequencies for Che TMjj and TE Q1 nodat, 
respectively. 

Using the recurrence relations of Bessel functions [21], the derivative 
expressions in Eqs. (Al.l) and (A1.2) can be eliminated, and we obtain 

J l* k CM*^ J 0* k CM2 a * N l* k CM2 b * ” *V k CM2** J l* k CM2 b ^ 

^ W 2^ C 2 J 0^ k CM*^ " 0/^*2 1*2 /^/Cji/k^a] ^ J l^ k CM2*^ N l^ k CM2 b ^ 

N l^ k CM2*^ J l^ k CM2 b ^ " ® (A1.3) 

for TMjj 
and 


^l^ k CE*^^0^ k CE2*^ **l^ k CE2 b ^ “ ^0^ k CE2*^ '■ T l^ k CE2 b ^ 

- ^U 2 /®2 ^0^ k CE a ^^l^ k CE2*^ N l^ k CE2 b ^ ” N l^ k CE2 a ^ ^l^ k CE2 b ^ " ® 

for TE Q1 (A1.4) 

When m 2 " 1* the two characteristic equations are identical, and the cutoff fre- 
quencies of the TMjj and TEqj modes are the same. On the other hand, when the 
coating material is magnetic (vig * 1)> the degeneracy of these two modes at 
their cutoff frequencies is not present. 
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APPENDIX 2 


FIELDS OF THE NORMAL MODES IN A COATED CIRCULAR GUIDE 
WHEN k pl - 0 (DIRECT METHOD). 


Proa Maxwell's equation*, v* obtain four aquations for tha normal mod** in 
a circular guida, 


7*7*1- k* 2-0 (A2.1a) 

7*2 ■ 0 (A2.1b) 


Firat consider tha case for a F 0. Due to tha syaaatry of tha problaa, wa can 

assuaa that 

* £ 

E p ■ Rp(p) '••os at a * (A2.2a) 

E ■ R.(p) sin o7 a ^ * (A2.2b) 

♦ ♦ 

E„ ■ R.(P) cos n7 e ^ * (A2.2c) 

z z 

Since k p j ■ 0, from the disparsion relation 


k z - k Q (A2.3) 

Substituting Eq. (A2.2) in Eq. (A2.1), three linearly independent equations are 
obtained : 


Q h 


r r d V p \i 


m 


R S<P) * 


<A2.4a) 


d 2 2 

mp ^ IpR^(p)] + m R p (p) - jk Q p — jjj— ■ 0 

^ IpR p (p)] ♦ mR^(p) - jk Q pR z (z) • 0 


(A2.4b) 


(A2.4c) 
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Solving th«M couplod equations, ch« fields in Rsgion I (m * 0) art given by 


E P ■ (Cjp 0 * 1 ♦ CjP®” 1 ) cos md 


E d " ^ c i pm+1 “ c 2 pm_1 ^ ,in 
• 2(o ♦ 1) C« 


IK 


'In a 

— p“ cos md 


2o(n ♦ 1) C 


— A | «>tu\ HI ' 

“1 • -i'ot c i‘ , “ * < 7J 


1 


C 2 ) P®” 1 ] ,in 


(A2.5e) 

(A2.5b) 

(A2.5c) 

<A2.5d) 


H J * YqCCjp’ 


m+1 _ 


2m(n ♦1)C. . 

( , - c.) p"- 1 ] c». mi 


(A2.5e) 


- 2(o ♦ 1) C. 

K * • - Y o — — p iinn * 


(A2.5f) 


Using Eq. (A2.3), the fields in Region II (m * 0) ere obtsined from Eq. (2): 

cos md (A2.6e) 



DjO 


S (p) * F 7 p V p) 

pz 


g 3 (p) ♦ d 2 g 4 (p) 


sin md 


E * 1 * ~7i p ~ C 3 ^P) cos md 
z JK, J 


H 11 - - Y 

"p “ y 2 


f D l° 


G,( p) ♦ -sms C,(p) 

3 / *?2 - 


sin md 


j- m 

TT ' ° 2 “ 

«“ ' - h “lOa 1 "' ♦ 7TTT 7 0 * <p ' 

v /c 2 u 2 K p2 p 

imp -J 


cos md 


(A2.6b) 


(A2.6c) 


(A2.6d) 


(A2.6e) 
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■«. 


°2 k p2 


y 2 tet ° 4<p) #ln 


(A2.6f ) 


where 


C 3 (p) - J B (k p2 p) H a (k p2 b) - N B (k p2 p) J n (k p2 b) 

C3«>) ' V* p2 p) V k p2 b) ’ N » (k p2 p) V k p2 b) 

C 4 (p) - J n (k p2 p) N B (k p2 b) - N B (k p2 p) J B (k p2 b) 
C 4<0> * V“ P 2 P) N m (k p2 b) ' N m <k p2 p) J m (k p2 b) 


(A2.6g) 

(A?.6h) 

(A2.61) 

(A2.6J) 


Note that the convention of e ® ii understood and omitted. Here 

k p2 " ^ e 2 w 2 ~ k 0* * n4 c i* c 2» D i <nd d 2 ar * consCanC * Co b * determined by 
imposing the boundary conditions at the interface between the air and material 

regions. These constants are related by 


G 3 (a) k p2 P 1 
^e 2 u 2 2(m ♦ 1) a" 


(A2.7a) 


G 3 U) 

° 2 - - AT 2 7e 2 yjjy 
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The coating thicknees is determined by th< 
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Note that the fielde are neither TE nor TM and the fields in Region I do not 
show a Basse!- function dependence of radial distance. 
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where G 3Q (p), G 30 (p), G 4Q (p) end G 4Q (p) are G 3 (p), Gj(p), G 4 (p) and G 4 (p) with 
a • 0, reopaetivaly. All other field components vanish, and Cj 0 , C 2Q , Dj 0 and 


O 20 are constants which are related by 


C 10 “ C 20 C 30 (a) 
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The coating thickness for a • 0 is determined by the following characteristic 
equation, 


G (.) ♦ j-W. G (•) - 0 
30 k„a/e n u„ - l JU 


for TM, 


(A2. 12a) 


The fields are either TB or TH and the fields in the air region shov a linear 
dependence of redial distance instead of the usual Be see l* function dependence in 
the case of an uncoated guide. 
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Part A: Overview and One-minute Formulas 


''Mono and Bl-Statlc Radar 1 

°TE and TM. . . 2 

°Meanlng of RCS 3 

0 Order of Fields k 

°RCS From Specular, Edge, and Tip Diffraction 5 

°Creeplng Waves 11 

°Resonant Structure and Multiple Diffraction 16 


Part B: RCS Computation by Physical Optics 

°Complex Vector 

°Plane Wave and Polarization 

°Far Field 

°RCS Definition 

“Physical Optics Scattering 

“Examples 


19 

20 
2k 
26 




ss a so*4 ** 

'ft* i«'t t + r f* € *” 

; = dirrciiey> 







( I) A hppotheb' CcJL Mo’knpic. 



•ft Peu/eftfr mcd&ik Wat*. s 
pf m S' MOfy/it* 

it Pew** Lg. fsekptfc. 

is 

p"t c rjit* s~ -3T IV 
Hf’ p 1*5 \rr*di*iiJl i scb^uUtM^ 



3 £ (V 

^-7T sttrnMmh 








c 


Ccx 


RCS * TC R,R t 


vix // 


UitU #*M« t*S i/MC. 













RCS A 


tecL 


oe 


i 


IX 




/ 

€[oma ‘ja.c.'bfr’ an 




















creeps an 
fey a dhJm*cL t 



7 ] Wen : Pis 3 oL ^ 


Plo <xnAhptiS*jt i*Jc*^ ~^> dz'kf’/nine ^e. ^j&cde. 
Wuit lhviL- c\nj — e nmr 




cry* 


Hard poUrijxh** ( m E# ) 


Deem =■ e 




Soft po\w}*h* (S 


_ -M* &>*(£■> 

w y~ e I 


2T.S (*■)'*(■£-) is 







4 


S pec* l 


ai~ vs 


. C 




fifC ^4 * V 


W lufO pri*t*ipJL 

h*Ji! *Jb B s R 


£=' =x Q-v** 


«/ I? 4 *** f A*/L + A crp 7 


A f*}L I "" 


%)(%■ 


I Ac ,,l =(#■[ (■%■? ?■(£%) 


Ex&Wjple n&tt 










ORIGINAL PAGE IS 
OF POOR QUALITY 


I 


ftCS Am. spiiu 








TARGET RCS CONTOURS 



CROSS-RANGE (FT) 



r 


I Coupl** l/e dry J 


134 


(I) BxaHtfle* : 

• FaA.-’fieU myk'hJ*. vtc'hr* 

7t- * o+j)+$ 2e 

* Uhiir LHCp 


* 7 /*>C Ccnwho* ^ 
£(i)=&[Ee iui } 

* pk*X9T is 


II 

\cot 


crythi wtAr 






- ^ } 


(l) WUjp*i4uJk, Os*yJjU( \rc.<c4fr : 

Ur* />•#*= 2 t 4 -g 

jL} 1 =(jz;)'( lim l) = 1 vcilmr' 


(3) Pfioj.ec.'kb* A 


rn 


'tro L : 


Cnp*yJZ 

1 


L 


Cc**p*»*n ifc A to* c///ecT^rh ^Z. “— A * j j* j 


=r ~ ( (Hj)tJ>* * 2e**'(l> 0 ) 



1 

*#* 


difru.-t>t* 







pl^n t Won^. 


135 



f (h 

- c 

/Z u t 

3 (r). 


^k 1 X J l 



♦ 

•r 


when 


( 52 ) 


ic 1 ■ wav* vector with magnitude k ■ u/uc and pointing in the 
direction of propagation of F* 

Z ■ Y’ 1 • /u7e - 1 2.07C «k«l 

Uj • a unitary vector which describes the polarization of F 1 and 
la orthogonal to itj . 

C ■ amplitude of F* in (watt)^ m” 1 

We say that F 1 is In state (ic.,u,). 
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1 ] overview 1 1 physical optics I ) both 


"" “ 'uture lectures, I'd like to see the following topics: 


Modes in waveguides. 


Scattering by open-ended cylinder: UI approach. 

Scattering by open-ended cylinder: OSU approach. 
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Usage of UI and OSU computer codes developed under current grants. 
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APPENDIX C 

SIMPLE VERSION OF CORRUGATED GUIDE t 
CIRCULAR GUIDE COATED WITH LOSSY MAGNETIC MATERIAL 


This set of viewgraphs was presented at the AP meeting in Vancouver, 
• C • , in J une 1983* 
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SIMPLE VERSION OF CORRUGATED GUIDE 
CIRCULAR GUIDE COATED WITH 
LOSSY MAGNETIC MATERIAL 


C.S. Lee, S.L Chuang, and S.W. Lee 
University of Illinois 


1. Objective 


2. Numerical Results 


Summary 




To produce a CIRCULARLY POLARIZED 
(CP) Radiation 


Corrugated waveguide: 




# Good CP for & £ £<f 

* But expensive and heavy. 
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An ALTERNATIVE to the Corrugated Waveguide 


Boundary conditions for CP radiation: 




Hp-0 


at boundary 


* Approximately satisfied by 
the corrugated waveguide. 


* Can be satisfied by a 

COATED CIRCULAR GUIDE 

If 


1) The coating material is sufficiently Lossy, 

2) The material is Magnetic. 
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SUMMARY 

Advantages of the coated guide 
over the corrugated guide: 

» Less expensive to build 

* Lighter in weight 

* Wider operating-frequency range 


Disadvantage: 

*■ Attenuation may be higher than 
the well designed corrugated guide. 
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I . INTRODUCTION 

The research grant No. NAG 3-475 entitled "Numerical mac hod* Tor analyzing 
electromagnetic scattering" was first awarded to the University of Illinois '«.y 

NASA-Lewis Research Center on September 28, 1983. Dr. Y. C. Cho (Sept. '83 - 

/ 

June '84) and Mr. Edward J. Rice (June '84 - Present) of NASA Lewis Research 
Center are the technical officers. The past and proposed fundings are as 
follows : 


PHASE 

PERIOD 

FUNDING 

I 

Sept. 28, 1983 - Nov. 23, 1984 

$74,985.00 

II 

Nov. 24, 1984 - Nov. 23, 1985 

$80,009.00 

III 

Nov. 24, 1985 - Nov. 23, 1986 

$80,000.00 


The present continuation proposal ia for Phase III. 

II. TECHNICAL DISCUSSION 

In the past two years, we have made significant progress coward the RCS 
reduction of a jet engine inlet. We modeled the inlet by an open-ended 
cylindrical waveguide, and have developed a set of computer codes for calcu- 
lating the RCS from the rim diffraction [1], [2] and the interior irradiation 

[2], [3]. Our calculated results are ir excellent agreement with experimental 
data [4] (Figures 1 and 2). To reduce . »e interior irradiation, a single layer 
of loaay magnetic material is employed to coat the interior wall of the circular 



guide. With proper materiel, .■•/•in e very thin layer of coating can be effective 
in reducing the RCS draatically for the low-frequency caae. (The radius a of 
the guide is about one wavelength or less. See Figure 3.) In the coming year 
(Nov. '85 to Nov. '86), we propose to continue our present study by carrying out 
the following tasks: 

Task A. Waveguide Transition Study: At high frequency (a » X), the modes 

in a coated waveguide are divided into two distinctive groups: 

• Highly attenuated surface-wave modes 

• Nearly unattenuated inner modes. 

The key in reducing RCS is to be able to direct most incoming electromagnetic 
energy from the radar into the highly attenuated surface-wave modes. Therefore, 
the study of the proper waveguide transition (Figure 4) becomes a most crucial 
problem. We shall investigate this problem both theoretically and 
experimentally. 

Task B. Multilayered Coating: At high frequency (a > 3X), when the 
thickness of coating layer is less than X/4, a significant RCS reduction is 
achievable only for nearly normal incidence, or more precisely, for 

9 < sin”*(0.3X/a) , for a > 3X 

o 

where 9 is the incident polar angle measured from the axis of the cylinder 
(Figure 3). For a * 3.3X, for example, 8 q is less than 5*. Thus, to achieve 
RCS reduction over a broad incident angle at h?.gh frequencies, a multilayered 
coating is necessary. In the next grant year, we will study carefully the 
multilayered structure in Figure 5. The inner layer is a lossless dielectric 
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layer, which is used Co "attract" Che incident electromagnetic energy Co Che 
waveguide wall. The outer layer is made of a lossy magnetic material for pro- 
ducing large attenuation. 

Task C. Waveguide with Non-circular Cross Section: The use of the finite- 

element method to analyze the modal field with non-circular cross section 
(Figure 6) was initiated in the current grant period. Based on a variational 
technique, the determination of the modal propagation constant is reduced to 
that of an eigenvalue. This method is applicable to a waveguide with an 
arbitrary cross section with nonuniform or multilayered coatings. This effort 
will be continued. 
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Figure 1. The RCS's from a PEC- terminated waveguide ( - experimental, 

— — — theoretical, interior irradiation only) and from an open-ended 
waveguide (— * -■-experimental) as a function of the incident angle 
(HH polarization, a ■ 3.137 cm, f ■ 13.20 GHz, a/X • 1.389, 

1 - 21.59 cm). 
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Figure 2. The RCS'a from e PEC-terminated waveguide 1 ■ experimental, 

— — — theoretical, interior irradiation only) and from an open-ended 
waveguide (— - — - experimental) aa a function of the incident angle 
(W polarization, a • 3.137 cm, f » 15.20 GHz, a/X ■ 1.589, 

1 - 21.59 cm). 
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Figure 3. The RCS's (theoretical) as a function of the incident angle from a 
circular waveguide coated with a lossy material (Crowloy BX113, 
e r ■ 12 - J0.144, u r ■ 1.74 - j3.306) and terminated by a FEC for 
layer thicknesses of t ■ 0, 0.025 cm (0.6% coating) and 0.05 cm 
(1.3% coating) (a ■ 3.95 cm, f ■ 9.2 GHz, a/X ■ 1.2, length ■ 26.4 
cm, vertical polarization). 
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A waveguide with an arbitrary croaa-aection ia divided into triangu- 
lar element# for the uae of the finite-element method. 


